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Abstract

Author Manuscript

The natural tapering of coronary arteries often creates a dilemma for optimal balloon sizing during
stenting. The influence of different balloon types, namely, a tapered balloon and a conventional
cylindrical balloon, on the mechanical performance of the stent as well as arterial mechanics was
investigated via the finite element method. Stent free-expansion and stent deployment in a stenotic
tapered artery were investigated numerically. The biomechanical behavior of the two balloon types
was compared in terms of stent foreshortening, stent deformation, stent stress distribution, and
arterial wall stress distribution. Results indicate that balloon types affect the transient behavior
of the stent and the arterial mechanics. Specifically, a tapered balloon could maintain the natural
tapering of the coronary artery after stent expansion. In contrast to a cylindrical balloon, tapered
balloon also mitigated the foreshortening of the stent (7.69%) as well as the stress concentration
in the stent and artery (8.61% and 4.17%, respectively). Hence, tapered balloons should be used in
tapered arteries as they may result in low risk of artery injury. This study might provide insights
for improved balloon choice and presurgical planning.

Keywords
arterial mechanics; balloon configuration; finite element analysis; stent expansion; tapered artery;
tapered balloon

1|

INTRODUCTION
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Vascular stenting is widely used to treat artery stenosis owing to its high initial success rate
and minimally invasive nature.1 Currently, the majority of coronary stents can be expanded
using a balloon. Conventional balloons are cylindrical and have uniform diameters usually.
However, the clinician may be faced with a difficult dilemma when stents need to be
implanted into a tapered artery,2,3 which has a diameter discrepancy between the proximal
and distal end. On the one hand, stent and balloon selection based on the larger proximal
reference diameter may result in over-dilatation of the distal segment, and thus, an increased
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risk of artery injury.4 On the other hand, stent and balloon sizing based on the smaller
distal reference diameter may result in inadequate dilatation of the proximal segment, and
thus, increased residual stenosis. To overcome these shortcomings, a compromise method
comprising multiple post-dilations with different cylindrical balloon sizes is often used in
clinical practice.5 Despite this phenomenon, a tapered balloon, which has a decremental
diameter, is developed for use in arterial segments with marked tapering between the
proximal and the distal reference.6–8 Clinicians dealing with stenting in the tapered artery
attempted to expand the stent using the tapered balloon.9 Such a process can limit stenting
to a single step. Given that different balloon strategies lead to varying results, selecting an
optimal balloon strategy for a tapered artery is critical.

Author Manuscript

Owing to the expense and difficulty involved in the evaluation of stent performance, the
finite element method (FEM) is widely used to investigate the mechanical properties of
stents and their biomechanical effect on the arteries.10–20 For example, Cui et al21 adopted
FEM to investigate the effect of balloon length and compliance on vascular stent expansion.
De Beule et al22 used FEM to study the effect of balloon folding on the free expansion
of a stent. Schiavone et al23 used FEM to compare the effect of polyurethane balloon
and the three-folded balloon on stent deployment in a stenotic cylindrical artery. Martin
et al24 used FEM to study the effect of a folded configuration of the balloon membrane
and its attachment to the catheter on the mechanical behavior of stent and the mechanical
environment of the coronary artery. Morlacchi et al25 used polymeric angioplasty balloons
to study the simulations of post-stenting procedures in bifurcated coronary arteries. The
majority of computational studies are currently limited to the effect of conventional
cylindrical balloon length, fold configuration, and compliance on the deployment of a stent
in cylindrical or bifurcated arteries. A detailed comparative study between the application of
a tapered and a conventional cylindrical balloon for a tapered artery is lacking, especially
on the effects of balloon choices on the expansion characteristics of the stent and on the
mechanical environment of the tapered artery.
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In this study, two finite element models of the balloon were used to determine the effect
of two balloon types on the deployment of a coronary stent. The free expansion of the
stent and its expansion in a stenotic tapered coronary artery were investigated using (a)
conventional cylindrical balloons model, and (b) tapered balloon model. Various stent
performance indicators, including stent foreshortening, stent deformation, stent stress, and
arterial stress distributions, were evaluated.

2|

MATERIALS AND METHODS

Author Manuscript

In this study, two sets of finite element analyses were performed using ABAQUS v6.13
(Dassault Systèmes, Vélizy-Villacoublay, France). In the first set of analyses, two models of
different shapes of balloons were used to investigate the free deployment of coronary stent.
The results from these analyses were compared to determine the effect of balloon shape
on the free-deployment characteristics of the stent. In the second set of analyses, the two
balloon models were used to investigate the deployment of the same coronary stent within
a stenotic tapered artery. The results from these analyses were compared to determine the
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influence of balloon shape on the distribution and magnitude of arterial stress induced by a
stent.
2.1 |

Geometry and finite element discretization
The stent investigated resembles the balloon-expandable Palmaz-Schatz coronary stent, as
shown in Figure 1. The stent was modeled in Pro/Engineering and then imported into
ABAQUS for preprocessing and analysis. In its cylindrical configuration, the stent has an
internal diameter of 1.58 mM and a uniform strut thickness of 0.09 mM. The stent had
a length of 19.24 mM. The finite element model for free-deployment analysis includes
a stent and a tapered balloon or two cylindrical balloons. The finite element model for
artery-deployment analysis includes a tapered artery, a plaque, a stent, and a tapered balloon
or two cylindrical balloons.

Author Manuscript

The atherosclerotic coronary artery, which is shown in Figure 2, was a tapered vessel that
featured an atherosclerotic plaque at its midsection. The tapered artery was modeled by
reducing the external and lumen diameter of the artery linearly along its axis. It had a
length of 34 mM. In its tapered configuration, the artery featured a proximal and distal
lumen diameter of 3.96 and 2.60 mM, respectively, resulting in a tapered angle of 1.13°.
The tapered angle represented the tapering level in the human left coronary artery.26 The
wall thickness of the artery was linearly reduced from the proximal end to the distal end
to maintain a constant ratio of wall thickness to the lumen radius (t/ri) as 0.43.26 The
plaque had a length of 17 mM and a maximum thickness of 0.4 mM (middle section). The
interfaces between the artery wall and the stenotic plaque were assumed to be a perfect
bonding.
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The stent was expanded by two balloon types, namely, conventional cylindrical and tapered
balloons. The cylindrical balloon with a diameter of 1.5 mM and a length of 21.24 mM
was chosen to expand the stent. A second cylindrical balloon was generally used for
post-dilatation, especially in the proximal zone of the stent (Figure 1A) to accommodate
the tapered artery. The balloon was chosen to have a length and a diameter of 7.1 and 2.2
mM, respectively. The tapered balloon with the same length of 21.24 mM was modeled by
a tapered surface with the same taper angle as the artery, leading to a proximal and distal
balloon radius of 0.75 and 0.33 mM, respectively.

Author Manuscript

The balloons were meshed with quadrilateral elements with reduced integration (M3D4R).
The stent was meshed with hexahedral elements with reduced integration (C3D8R). The
artery mesh was nonuniform with a higher density in the regions of interest. The artery
was divided into three regions in the axial direction. Within the end regions, one-way bias
was applied with larger elements specified at the ends of the artery, and smaller elements
were specified at the outer edges of the central region. The artery and plaque were meshed
with C3D8R. A mesh sensitivity study was conducted to ensure the sufficient meshing
refinement.
The FEA models of cylindrical and tapered balloons in a tapered artery are shown in Figure
3. All components (ie, stent, artery, and balloon) were coaxial, and the middle points of
their axes were overlapping, except the post-dilation cylindrical balloon. The center of the
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post-dilation cylindrical balloon was located in plane A of a stent in the axial direction
(Figure 1A). Owing to circumferential symmetry, only one-eighth of the circumference of
both finite element models was modeled to save computational resources.
2.2 |

Material properties
The material of the stent is 316L stainless steel, which has elastic-plastic constitutive
behavior. The material has a Young’s modulus of 201 GPa and a Poisson’s ratio of 0.3.27
The artery is described by the third-order Ogden hyperelastic model. The third-order Ogden
hyperelastic strain energy potential is provided by the following equation:
W =

3

∑

i=1

2μi
αi2

α

α

α

λ1 i + λ2 i + λ3 i − 3 +

3

∑ D1i (J − 1)2i

(1)

i=1
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where λi(i = 1, 2, 3) are the stretches in the three principal directions, and μi(MPa) αi and Di
are model parameters. In this model, μi and αi are associated with the shear modulus, which
can be calculated using the equation, μ = 12 ∑3i = 1 μiαi, and Di represents the compressibility.
In this study, the artery and the plaque are assumed to be nearly incompressible. This
assumption was realized by specifying a Poisson’s ratio of 0.49 for the material and
infinitesimal values for D1 (D2 = D3 = 0). The same Ogden hyperelastic model was used
to describe the constitutive behavior of the hypocellular plaques. The detailed values of the
model parameters for the homogeneous artery and plaque23 are provided in Table 1.
2.3 |

Boundary and loading
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In the cylindrical balloon model, two cylindrical balloons must be used in succession. The
first cylindrical balloon (initial balloon) was used to expand the entire stent based on the
distal diameter of the artery, and the second cylindrical balloon (post-dilation balloon) was
used to post-expand the proximal zone of the stent after the whole stent recoiled based on
the proximal diameter of the artery. The entire simulation involved four steps.
Step 1: The first cylindrical balloon experienced radial displacement to deploy the whole
stent diameter to 3.234 mM, which is larger by 10% than the lumen diameter of point M in
the artery (Figure 2).
Step 2: The stent recoiled with the release of the first cylindrical balloon.

Author Manuscript

Step 3: The second cylindrical balloon experienced radial displacement to deploy the
proximal stent diameter to 3.982 mM, which is larger by 10% than the lumen diameter
of point N in the artery (Figure 2).
Step 4: The proximal stent recoiled with the release of the second cylindrical balloon.
Only a tapered balloon is used in the tapered balloon model. The entire simulation involved
the following steps:
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Step 1: The tapered balloon experienced radial displacement to deploy the stent diameter to
3.234 mM, which is larger by 10% than the lumen diameter of point M in the artery (Figure
2).
Step 2: The stent recoiled with the release of the tapered balloon.
Symmetric constraints were applied to the corresponding symmetric planes. Rotation of all
components was inhibited. The artery was constrained in the circumferential direction at
points on the symmetry planes, and the ends of the artery were constrained in the axial
direction. To prevent the occurrence of stent rigid movement, the middle nodes of the stent
in the tapered balloon model were constrained in the axial direction.
2.4 |

Numerical aspects
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The stent was deployed by using cylindrical or tapered balloon with controlled predefined
displacement. This method is an optimal choice when simulating stent deployment22
because the computations are inexpensive. A radial displacement was imposed on the nodes
of the cylindrical balloon or tapered balloon to simulate balloon inflation. Inflation and
deflation times were 0.1 s. A quasi-static analysis was conducted. The Abaqus/Explicit
solver was used for large deformation analyses with the condition that the kinetic energy of
the simulation remained below 5% of the total internal energy for each analysis. Surface-tosurface contacts were developed between the outer balloon and the stent inner surface and
the stent outer surface and plaque and artery inner surface. All of the contacts were modeled
by defining hard normal behavior and a 0.25 frictional coefficient for the tangential contact
behavior.28

Author Manuscript

2.5 |

Post-processing of results
The stent foreshortening, maximum strain, and stress on the stent, artery, and plaque after
deployment and recoil were analyzed. The stent foreshortening can be calculated as.
Stent foreshortening = Loriginal − L /Loriginal × 100%

(2)

where Loriginal and L are the original and the final lengths of the stent, respectively.

3|
3.1 |

RESULTS
Free-deployment results
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To determine the influence of balloon type on the free-deployment characteristics of the
stent, the foreshortening of the stent was measured at final unloading. The foreshortening
of the stent was 3.66% and 2.40% for cylindrical and tapered balloons, respectively. The
foreshortening observed at the final unloading of the tapered balloon was 34.43% lower than
that observed at the final unloading of the cylindrical balloon.
As shown in Figure 4, a distribution of Von Mises (VM) stress was predicted in the stent
at maximum loading and final unloading in the free-deployment analyses. For a cylindrical
balloon, the maximum expansion refers to the maximum proximal expansion in Step 3.
The VM stress distribution in the tapered balloon model is more uniform than that in
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the cylindrical balloon model. For the cylindrical balloon model, the maximum stress was
distributed in the proximal end of the stent while the stent was in maximum expansion.
However, the maximum stress was distributed in the transition region between the central
and the proximal end of the stent at the final unloading. For the tapered balloon model, the
maximum stress was distributed in the proximal end of the stent at maximum expansion and
final unloading of the balloon. The peak stress predicted in the stent at maximum expansion
was 521.6 and 509.6 MPa for cylindrical and tapered balloons, respectively. The peak stress
predicted in the stent at final unloading was 238.8 and 203.8 MPa for cylindrical and tapered
balloons, respectively. Although no significant difference was observed between the peak
stress predicted in the stent at maximum expansion, the peak stress predicted in the stent
observed at final unloading of the tapered balloon was 14.66% lower than that observed at
the final unloading of the cylindrical balloon. Thus, balloon shape greatly affected the stress
in the stent.

Author Manuscript

3.2 |

Artery-deployment results
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With the help of a tapered balloon, the tapered artery maintained the natural taper of the
tapered artery during the entire implantation. Figure 5 shows the VM stress distribution in
the stented tapered vessel at maximum expansion and final unloading. When the stent was
at the maximum expansion, the maximum VM stress was observed near the proximal end of
the plaque for the cylindrical balloon model. For the tapered balloon model, the VM stress
gradually increased along the distance from proximal to distal, and the maximum VM stress
is near the distal end of the plaque. When the stent was at the maximum expansion, the
peak stresses predicted in the artery in the cylindrical balloon model (1.24 MPa) was up to
25.81% higher than those in the tapered balloon model (0.92 MPa). When the stent was at
the final unloading, the peak stresses predicted in the artery in the cylindrical balloon model
(0.24 MPa) were up to 4.17% higher than those observed in the tapered balloon model (0.23
MPa). Given that high stress in arteries is closely related to artery injury and subsequent
in-stent restenosis (ISR),4 a tapered balloon would likely result in a smaller risk of artery
injury in comparison with a cylindrical balloon.
As shown in Figure 6, the distribution of VM stress predicted in the plaque is similar to
that in the artery at maximum expansion and final unloading. When the stent was at the
maximum expansion, the maximum VM stress in the plaque in the tapered balloon model
(0.95 MPa) was 27.48% lower than that in the cylindrical model (1.31 MPa). When the stent
was at the final unloading, the maximum VM stress in the plaque in the tapered balloon
model (0.28 MPa) was 12.50% lower than that in the cylindrical model (0.32 MPa).

Author Manuscript

At the unloading of balloon models, foreshortening was 2.24% and 2.08% for the cylindrical
and tapered balloons, respectively. The foreshortening for the tapered balloon was 7.69%
lower than that for the cylindrical balloon. In comparison with the results from the
free-deployment analyses, the decrease in rates of foreshortening was attributed to the
development of frictional forces between the stent and the artery.
As shown in Figure 7, a distribution of VM stress was predicted in the stent at the maximum
expansion diameter and unloading of each of the balloon models. Again, for the cylindrical
balloon model, peak stresses were concentrated in the proximal end of stent at the maximum
Artif Organs. Author manuscript; available in PMC 2022 August 16.
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expansion diameter. However, the peak stress transferred to the transition region between the
proximal end and the central part from the proximal stent. For the tapered balloon model, the
peak stresses were concentrated in the proximal end in maximum expansion and unloading.
The peak stress in the stent at the maximum expansion of tapered balloon (537.00 MPa) was
lower by 6.09% than that of the cylindrical balloon (571.80 MPa). The peak stress in the
stent at the unloading of the tapered balloon (529.60 MPa) was lower by 8.61% than that of
the cylindrical balloon (579.50 MPa).

4|

DISCUSSION
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The diameter changes of vessels can be encountered because of tapering. This significant
diameter change is sometimes the case in carotid artery stenting, but it can also occur
in femoral arteries. Although they are rarely examined, coronary arteries also exhibit a
degree of taper. Angiographic data suggested that right coronary arteries and left anterior
descending taper by approximately 9% and 14%, respectively, along their lengths in men
and women.2 Incomplete stent apposition and vessel wall injury induced by stent expansion
are associated with ISR and late stent thrombosis.29,30 Lumen tapering of the coronary
artery can be significant and should be considered in establishing optimal stent implantation
criteria to avoid potential complications (ISR and late stent thrombosis). To improve the
final apposition of the stent and decrease the risks of stenting failure, an optimal balloon
strategy for the tapered artery must be achieved.

Author Manuscript

Tapered vessels present unique challenges to stent therapy. Although multiple post-dilations
with different sizes of conventional balloons were used for tapered vessels, a conventional
balloon could not always provide the optimal final appearance. However, a tapered balloon
might provide excellent dilation of the stenosis while maintaining the natural taper of the
artery. Figure 5 is a clear illustration of segments in which tapered balloons could have
achieved an appropriate fit. An optimal fit of the balloon to the dilated segment would
provide a more ideal dilation while minimizing injury to the artery. In our study, we focused
on the effects of two different balloon shapes on the stent mechanical properties when
they were expanded in a stenotic tapered artery. Results showed that a tapered balloon
might improve the outcome of stenting in tapered vessels, in contrast to cylindrical balloon.
These results seemed consistent with clinical research of Laird et al,7 in which coronary
angioplasty using the tapered balloon catheter appeared to be a safe and effective technique
for the treatment of stenotic coronary arteries with marked tapering.
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Given that the accuracy of stent implantation in arteries greatly depended on stent
foreshortening, a low stent foreshortening rate was expected for a good balloon choice
strategy. Besides, low stress in the stent was also expected because great stress in the
stent meant that the stent was likely to experience damage. Results confirmed that stent
foreshortening rate and VM stress in stents using tapered balloons were lower than those
using the cylindrical balloon regardless of stent free-expansion or expansion in the artery.
The reason for this result was that the same stent was deployed only once by a tapered
balloon and was deployed twice by cylindrical balloons. In addition, when a cylindrical
balloon was used to expand a stent in a tapered artery, such post-stenting procedures
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might trigger further clinical complications, including artery wall dissection or stent
fracture.27,31,32

Author Manuscript

The VM stress was an important indicator of evaluation for stent expansion in vessels
because the regions exhibiting the greatest stress in the artery models were also the locations
at which most ISRs were reported to occur.4,33,34 The stress concentration location at the
artery and plaque was due to the difference in the expansion method between the cylindrical
balloon model and tapered balloon model. Furthermore, the prominent curvature of the
plaque geometry at the distal end contributed to stress concentration. Results suggested that
different balloon shapes influenced the magnitude and distribution of stress predicted in the
artery. The tapered balloon mitigated the stress concentration in the artery, in contrast to the
cylindrical balloon. Furthermore, a greater risk of plaque rupture occurred in the cylindrical
balloon model than in the tapered balloon model because of the greater stress in the
maximum expansion and final unloading (Figure 6). Therefore, the tapered balloon strategy
might have lower risk of stenting failure and incidence rate of ISR than the cylindrical
balloon strategy.
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Our study has several limitations. First, the crimping process of the stent was not considered
because crimping had little effect on the mechanical response of the stent and artery after
stent expansion. In addition, the artery and plaque were modeled as isotropic materials.
A sophisticated material model that considered the collagen fibers of the artery tissue and
plaque composition would be preferable. Finally, the artery was modeled with a simplified
geometry, whereas a realistic geometry obtained from clinical images could be used.
Considering the complexity of realistic vessel model geometry and an anisotropic material
model, an idealized stenotic tapered artery model and isotropic material model were adopted
for preliminary study. In future research, we will use realistic vessel model geometry and
an anisotropic material mode to verify the reliability and universality of conclusions of the
article.

5|

CONCLUSION
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In this study, the influence of two balloon types on the free deployment of the stent and
on the mechanical environment of the coronary artery was investigated numerically. The
free deployment of the stent and its deployment within a stenotic tapered artery were
investigated using (a) a conventional cylindrical balloon model, and (b) a tapered balloon
model. Results suggested that balloon type influenced the deformed configuration of the
stent and magnitude of stress within the stent and the artery. A tapered balloon model could
result in small foreshortening and stress in the stent and artery while maintaining the natural
tapering of a tapered artery after effective dilation. Thus, a tapered balloon should be used
in tapered arteries. Prior to a stent procedure, this method can be adopted to predict stent
apposition and vessel wall stress, thereby selecting the superior stent to be implanted in
tapered vessels.
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FIGURE 1.

Configuration of (A) the stent and (B) the discretized stent
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FIGURE 2.

Schematic of an atherosclerotic coronary artery with a tapered angle of 1.13°
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FIGURE 3.

Finite element models of stenting tapered artery using (A) cylindrical and (B) tapered
balloon
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FIGURE 4.
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VM stress distribution in the stent at (A) maximum expansion (top) and (B) final unloading
(bottom) of cylindrical balloon (left) and tapered balloon (right) in the free-deployment
analyses
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FIGURE 5.
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VM stress distribution in the artery at (A) maximum expansion (top) and (B) final unloading
(bottom) of cylindrical balloon (left) and tapered balloon (right) in the artery-deployment
analyses
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FIGURE 6.

VM stress distribution in the plaque at (A) maximum expansion (top) and (B) final
unloading (bottom) of cylindrical balloon (left) and tapered balloon (right) in the arterydeployment analyses
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FIGURE 7.

VM stress distribution in the stent at (A) maximum expansion (top) and (B) final unloading
(bottom) of cylindrical balloon (left) and tapered balloon (right) in the artery-deployment
analyses
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μ1

−4.73

0.093

Material

Artery

Plaque

–

1.70

μ2

–

3.09

μ3

8.17

−0.39

α1

–

4.41

α2

–

−3.25

α3

4.30E-7

3.63E-6

D1

–

0

D2

–

0

D3

Hyperelastic material constants used to describe the mechanical behavior of the coronary artery and the atherosclerotic plaque
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